ALIGNANT gliomas represent the most common type of primary brain tumor, and astrocytomas constitute 75% of all gliomas. Oligodendrogliomas and mixed oligoastrocytomas account for roughly 9% and 11% of glial tumors, respectively.
Object. The accurate diagnosis of World Health Organization Grades II and III gliomas is crucial for the effective treatment of patients with such lesions. Increased cell density and mitotic activity are histological features that distinguish Grade III from Grade II gliomas. Because increased cellular proliferation and density both contribute to the in vivo magnetic resonance (MR) spectroscopic peak corresponding to choline-containing compounds (Cho), the authors hypothesized that multivoxel MR spectroscopy might help identify the tumor regions with the most aggressive growth characteristics, which would be optimal locations for biopsy. They investigated the ability to use one or more MR spectroscopic parameters to predict the MIB-1 cell proliferation index (PI), the terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick-end labeling cell death index (DI), the cell density, and the ratio of proliferation to cell death (PI/DI) within different regions of the same tumor.
Methods. Patients with presumed Grades II or III glioma underwent 3D MR spectroscopic imaging prior to surgery, and two or three regions within the tumor were targeted for biopsy retrieval based on their spectroscopic features. Biopsy specimens were extracted from the tumor during image-guided resection, and the PI, DI, and cell density were assessed in the specimens using immunohistochemical methods.
Conclusions. The authors found that the relative levels of Cho and N-acetylaspartate (NAA) correlated with the cell density, PI, and PI/DI ratio within different regions of the same tumor and that the association held for the subpopulation of nonenhancing tumors. The association was stronger in tumors with large ranges of Cho/ NAA values, irrespective of the presence of contrast enhancement. The findings demonstrate the validity of using MR spectroscopy to identify regions of aggressive growth in presumed Grade II or III gliomas that would be suitable targets for retrieving diagnostic biopsy specimens. ment beyond surgical biopsy or resection until there is a suspicion of recurrence.
Recently, efforts have been made to improve the noninvasive diagnosis of glioma using advanced MR imaging methods. Of note are the results of recent studies that have demonstrated the potential for using MR spectroscopy to determine the histological grade and type of brain tumors. 5, 7, 9, 14, 15, 22, 25 The most common pattern observed in glioma compared with normal brain is an increase in the spectral peak corresponding to Cho. 4, 6, 17, 19 Because the choline compounds measured with MR spectroscopy are associated with phospholipid metabolism, 20, 21 the elevation of Cho levels is thought to reflect both an increase in cell density and proliferation. Typically, a decrease in the peaks corresponding to the neurotransmitter NAA and/or the metabolites Cr are also observed in conjunction with the increased Cho peak. Another MR spectroscopic pattern that has been observed primarily in high-grade gliomas is an elevation in the peak associated with LL, 10, 12, 17 which has been postulated to result from cell death processes, glucose consumption in proliferating tissue, and/or anaerobic metabolism in hypoxic tissue.
In the current study, instead of using the histological grade as the primary measure of tumor aggressiveness, we chose to investigate the metabolic features associated with tumor growth properties, specifically, proliferation, cell density, and apoptosis. We investigated the ability to predict the growth characteristics within different parts of the same tumor using one or more MR spectroscopic peaks. Such information would be useful in identifying aggressive regions within the tumor that would be optimal for extracting a biopsy specimen for diagnostic purposes. The purpose of these investigations was to determine whether MR spectroscopy could be used to direct biopsies of Grades II and III tumors.
Materials and Methods

Study Population
This study received full approval from the Committee on Human Research of the University of California, San Francisco. Our study population comprised 21 patients (11 women and 10 men) with untreated WHO Grade II (11 patients) or Grade III (10 patients) gliomas. With regard to tumor type, there were two oligodendrogliomas, five astrocytomas, four oligoastrocytomas, two anaplastic oligodendrogliomas, seven anaplastic astrocytomas, and one anaplastic oligoastrocytoma. Six of the Grade III lesions and one of the Grade II lesions exhibited contrast enhancement on T 1 -weighted MR images.
Each patient underwent an MR imaging and spectroscopy examination 1 day prior to surgery. The MR spectroscopic data were aligned with the MR images and were used to identify three or four target regions within the hyperintense region on the T 2 -weighted MR images for retrieving biopsy specimens. (The criteria for selecting the biopsy targets are outlined in the next section.) The MR images were mounted on the surgical navigation system (StealthStation, Medtronic), which provided the surgeon (M.S.B.) with a visual correlation between specific locations within the brain and locations on the MR images.
The biopsy specimens were obtained during open resection of the tumors. A prior study by the surgical team involved with this study showed that brain shifts as large as 6 mm can occur during resection and can result in a misregistration between the Stealth MR images and the patient's physical space. 11 The study also demonstrated that locations on the Stealth MR images could be coregistered with those on intraoperative ultrasonographic images to correct for postresection tissue shift with an error of less than 4 mm. Because the MR spectroscopic voxels measured 10 mm on each side, we always targeted the center of the voxel for biopsy specimen retrieval to allow for coregistration error.
Often a biopsy specimen could not be obtained from one or more of the target regions due to their being located in brain areas that controlled patient function or were inaccessible via surgery; nevertheless, at least two biopsy specimens were retrieved from each patient. In all, we retrieved 51 biopsy specimens: eight from oligodendrogliomas, 13 from astrocytomas, 12 from oligoastrocytomas, two from anaplastic oligodendrogliomas, and 16 from anaplastic astrocytomas. In two patients with Grade III tumors, we retrieved biopsy specimens that demonstrated Grade II histological characteristics. Immediately after retrieval, the biopsy specimens were fixed in 10% formalin and sent to the neuropathology service of the University of California, San Francisco, where they were embedded in paraffin and cut into sections for histopathological assessment.
Magnetic Resonance Imaging and Spectroscopy
Three-dimensional T 2 -weighted and contrast-enhanced T 1 -weighted MR images were obtained from each patient prior to surgery. The specific sequences were 3D fast spin echo (TR 3000 msec, TE 105 msec, matrix 256 ϫ 256 ϫ 114, voxel size 1.0 ϫ 1.0 ϫ 1.5 mm) and 3D spoiled gradient echo (TR 34 msec, TE 3 msec, flip angle 35˚, matrix 256 ϫ 256 ϫ 124, voxel size 1.0 ϫ 1.0 ϫ 1.5 mm). The 3D sequences were necessary for accurate correspondence with anatomical locations during the surgery and the coregistration with the MR spectroscopic data that were acquired during the same examination. The MR spectroscopic imaging data that were acquired after the MR imaging was performed were also volumetric, although the resolution was coarser than that of the MR images. .) Specialized radiofrequency pulses were used to excite a 100-to 300-cm 3 volume that included most of the lesion area demonstrated on the T 2 -weighted MR image and included normal-appearing parenchyma (Fig. 1) . By using phase-encoding techniques similar to those used to acquire MR images, we divided the excited volume into 1-cm 3 voxels, each of which contained a single spectrum that characterized the metabolic activity in the underlying brain region.
The heights and areas of the resonance peaks corresponding to Cho at 3.2 ppm, Cr at 3.0 ppm, NAA at 2.0 ppm, and LL at 1.3 ppm were quantified at every voxel location in each examination. We also calculated relative Cho levels using two different methods: direct ratios of Cho to NAA and Cho to Cr, and a linear regression-based method that generates indices-the CNI and the CCI-reflecting the number of standard deviations of difference between the relative level of Cho in a given voxel and the mean relative level of Cho in voxels from nontumor regions. 12, 14, 18 The CNI and CCI were recently developed to generate more stable measures of Cho abnormality, particularly in voxels that have low NAA or Cr, which can drive the direct ratio to very large values, irrespective of the Cho level. We hypothesized that intratumoral differences in CNI values indicated differences in growth characteristics; therefore, we identified regions with high and low CNI values to target for biopsy specimen retrieval. Although four targets were routinely identified, in practice only two or three targets were located in noneloquent regions that were safe for biopsy.
After the biopsy specimens were collected, the saved images from the surgical navigation system were used as references for identifying the biopsy coordinates on the presurgical MR images. The coordinates were then used to reconstruct the MR spectrum that was centered at each biopsy location. On average, 65 voxels were selected from contralateral normal-appearing parenchymal regions in each patient and were used to generate four MR spectroscopic parameters at each biopsy site: the normalized Cho peak area, the normalized Cr peak area, normalized NAA peak area, and a binary score indicating the presence or absence of a peak in the LL region.
The resonance peaks in the LL region of the spectra were typically either completely absent or high enough to be visually distinguished from the noise but not always with sufficient signal to be accurately quantified. In an attempt to quantify this observation, we calculated the signal-to-noise ratio for the LL peak areas and found that those peaks with a signal-to-noise ratio of 6 or lower were most often visually indistinguishable from noise. Based on these empirical observations, the LL value was assigned a 1 (present) if the signal-tonoise ratio was greater than 6 or assigned a 0 (absent) if it fell below the signal-to-noise ratio threshold. We verified all LL assignments by reviewing the actual spectra.
Immunohistochemical Analysis
To obtain a measure of the cellular proliferation and death rates of the biopsy specimens, immunoperoxidase MIB-1 and immunofluorescence TUNEL assays were performed on the 51 tissue specimens. Two 5-m sections were taken from each biopsy and baked onto glass slides at 70˚C, then dewaxed with xylenes and rehydrated by incubation in a graded series of solutions of ethanol (100-50%) and phosphate-buffered saline. The specimens were then incubated in 0.025% trypsin and microwaved in citrate buffer (10 mM, pH 6.0) to increase antigen and end-labeling sensitivity. The samples that were assayed for MIB-1 reactivity were incubated in 3.0% H 2 O 2 in phosphate-buffered saline to inactivate the endogenous peroxidases. Nonspecific antibody binding was blocked by incubating samples in a solution of 10% normal horse serum prior to incubating overnight with MIB-1 antibody (Dako, Denmark) diluted 1:500 in 10% normal horse serum. The MIB-1 binding was amplified with a biotinylated secondary antibody bound to an avidin-biotin-horseradish peroxidase complex (Vectstain Elite ABC kit, Vector Laboratories) and detected with diaminobenzidine tetrachloride (DAB, Vector Laboratories). The cells were then counterstained with hematoxylin to obtain a measure of cell density. The immunoperoxidase procedure resulted in high nonspecific background staining when we used it for the TUNEL assay; therefore, we chose to use immunofluorescence detection instead. On samples assayed with TUNEL, we used an In Situ Cell Death Detection kit (Roche Diagnostics) to end-label DNA strand breaks with fluorescein following the citrate buffer permeabilization step. The cells were then visualized using a fluorescence microscope.
A count of 1000 cells was performed on each hematoxylin-stained slide using 0.2-mm 2 FOVs at a magnification of 20. The MIB-1 PI was determined by dividing the number of MIB-1-labeled cells by the total number of cells within each FOV. The cell density was determined by dividing the total number of cells counted on each slide by the number of fields. The DI was determined by dividing the average number of TUNEL-labeled cells by the cell density of the sister slide that was subjected to MIB-1 and hematoxylin staining. Care was taken to ensure that counts were performed on the same number of FOVs for both the PI and DI assessments. Lastly, a measure of net growth rate was calculated by dividing the PI by the DI.
Statistical Analysis
The SPSS statistical software package (SPSS, Inc.) was used for all analyses. To evaluate the ability to use one or a combination of the MR spectroscopic parameters to predict the growth characteristics of specific regions within a tumor, we first ranked the four immunohistochemical parameters (cell density, PI, DI, and the PI/DI ratio) and three of the MR spectroscopic parameters (the normalized peak areas for Cho, Cr, and NAA) by patient. To preserve the binary information, the LL values were not ranked. We used a univariate linear model of each pair of MR spectroscopic and immunohistochemical variables to determine whether a single MR spectroscopic measure (independent variable) predicted any of the growth measures (dependent variables). We then determined whether the combined MR spectroscopic parameters predicted any of the immunohistochemical values using a multivariate linear model in which all four MR spectroscopic parameters were independent variables. To further investi-
FIG. 1. Contrast-enhanced T 1 -weighted MR image and corresponding MR spectroscopic array (upper)
obtained in a patient with a Grade III astrocytoma. The spectrum from the enhancing tumor (lower right) shows elevated peaks corresponding to Cho and LL and decreased peaks corresponding to Cr (Cre) and NAA relative to the spectrum from contralateral healthy-appearing brain (lower left).
gate the predictive capabilities of combined MR spectroscopic measures involving Cho, we ranked the Cho/NAA ratio, Cho/Cr ratio, CNI, and CCI by patient and again performed a univariate regression. The analyses were repeated on data from three subgroups: Grade II tumors (11 tumors), Grade III tumors (10 tumors), and nonenhancing tumors (14 tumors). In interpreting the results of our analyses, it is important to take into account the issue of multiple comparisons. For the purpose of highlighting potentially interesting results, correlations were declared to be statistically significant if the probability value was 0.025 or less. Although this value is lower than the usual alpha level of 0.05, it does not fully adjust for the number of comparisons. We did not want to reduce the power of the study by requiring too stringent a criterion for declaring significance. Figure 2 shows an example of two biopsy specimens obtained from the same nonenhancing tumor that had very different MR spectroscopic profiles and growth characteristics. Although one specimen had significantly higher PI and cell density than the other, both were determined to represent Grade III astrocytoma.
Results
We ranked the data within each patient and modeled the relationship between the immunohistochemical and MR spectroscopic values as a linear regression so that the slope would tell us the direction of the association and the probability value would reflect the strength of the association. No single independent MR spectroscopic parameter exhibited a significant relationship with any of the immunohistochemical parameters (data not shown). Similarly, when we modeled the data using the combined MR spectroscopic parameters as independent variables, we did not find a linear relationship with any of the growth measures.
We further investigated the relationship between multiple MR spectroscopic measures and each immunohistochemistry measure using Cho ratios (Cho/NAA and Cho/Cr) and indices (CNI and CCI). Table 1 shows the slopes of the univariate regressions for each pair of parameters. Significant correlations were found between the Cho/NAA ratio and cell density (p Ͻ 0.001), PI (p Ͻ 0.001), and the PI/DI ratio (p = 0.003). All of the correlations were positively directed. We also found that the cell density (p = 0.025), PI (p = 0.013), and PI/DI ratio (p = 0.005) increased as the CNI increased. There was a trend toward increasing CCI with increasing DI, but it did not reach statistical significance (p = 0.069). Thus, the relative levels of Cho and NAA, as measured by either the ratio or the index, appeared to be the strongest indicator of net and cumulative growth within the tumor.
To confirm that the associations found among all patients were consistent within the tumor subgroups, we performed independent analyses on the Grade II gliomas (11 tumors), the Grade III gliomas (10 tumors), and the nonenhancing tumors (14 tumors). The data are shown in Table 2 . When considered on their own, the Grade II tumors did not exhibit any of the relationships observed in the overall data. However, the CNI and Cho/NAA ratio in the Grade III tumors predicted the cell density, PI, and PI/DI values, just as we observed in the full cohort of patients. The subgroup of nonenhancing tumors exhibited all but two of the associations seen in the overall group. Specifically, the Cho/NAA ratio increased with cell density, PI, and PI/DI, whereas the CNI increased with cell density only. There was a trend toward increasing PI/DI with increasing CNI (p = 0.035) in the nonenhancing tumors, but it did not reach statistical significance. Taken together, these results suggest that targeting the region with the highest Cho/NAA in nonenhancing tu-mors may improve the probability of finding a region of high cell density, high proliferative fraction, and/or high ratio of cell proliferation to cell death. The assertion holds for Grade III tumors, whether or not they demonstrate enhancement on MR images, but Grade II tumors may not exhibit such relationships.
To evaluate whether the lack of correlation within the Grade II tumors was due to a small range of values for the immunohistochemical and/or MR spectroscopic data compared with the Grade III tumors, we compared the difference between the intratumoral minimum and maximum values for both groups. The 10th, 25th, 50th, 75th, and 90th percentiles for the intratumoral range of values within each grade are shown in Table 3 . Indeed, the Grade III tumors appeared to be more heterogeneous than the Grade II tumors with respect to cell density, PI, CNI, and Cho/NAA as illustrated by the 50th, 75th, and 90th percentiles for those measures. Table 3 also shows that the ranges of values for cell density, CNI, and the Cho/NAA ratio in the nonenhancing tumors (10 Grade II and four Grade III lesions) fall somewhere in between the values for the Grade II and III tumors, although they exhibited relationships between the MR spectroscopic and growth measures at rates similar to that of the Grade III tumors. Taken together, these results suggest that tumor heterogeneity may influence the detection of abnormal growth activity by MR spectroscopy and that the range of growth measures in the Grade II tumors may not have been large enough to result in a sufficient range of intratumoral CNIs or Cho/NAA ratios for an association to occur.
Discussion
To our knowledge, this is the first demonstration that MR spectroscopy can be used to assess growth properties within different regions within the same glial tumor. Specifically, we found that the relative levels of Cho and NAA correlated with the degree of cell density, PI, and PI/ DI ratio within different regions of the same tumor. We also demonstrated that the relationship between the MR spectroscopic and growth measures held for nonenhancing tumors. The association was stronger in the more heterogeneous tumors and did not hold for the more homogeneous tumors. These results suggest that tumors with "hot spots" of high levels of Cho relative to NAA are likely to have "hot spots" of growth activity occurring in the same location, even if they do not exhibit enhancement with contrast administration on MR images. Such information is extremely useful for guiding diagnostic biopsies of presumed Grade II or III gliomas.
It is generally accepted that both the Cho/NAA and Cho/ Cr ratios increase with the histological grade of gliomas, but reports differ as to which ratio is the better predictor of tumor aggressiveness, 7, 10, 14, 23, 24 possibly because of the different MR spectroscopic acquisition methods used in the various studies. A major difficulty of using ratios as quantitative measures of abnormality is that they become unstable in regions of low signal, such as near the lateral ventricles, where both the numerator and the denominator become very small. In an attempt to circumvent this problem, we developed a method for quantifying the relative sizes of metabolic peaks that is less sensitive to tissue content and is normalized by the relative peak sizes in presumed healthy regions of the brain of the individual undergoing the study. 14, 18 The two indices-CNI and CCI-that result from our method were tested along with the respective ratios in the current study to determine which measures were most closely associated with the tumor growth parameters. The lower probability values of the associations with the Cho/ NAA ratio as compared with those of the CNI suggest that the Cho/NAA ratio may be more sensitive to differences in the growth measures than the CNI. As we stated earlier, however, such large ratios can occur in regions of low signal which may or may not correspond to aggressive tumor; in other words, the specificity of the Cho/NAA ratio is low. For this reason, the best criterion for choosing an appropriate biopsy target would be that both the Cho/NAA and CNI in a particular region are near the maximum values. In addition, based on our findings regarding heterogeneity, the maximum values should be substantially higher than the values in most of the tumor for the MR spectroscopic findings to be a useful indicator of growth activity. The distribution of intratumoral value ranges in Table 3 can be used as a guide for deciding if there is a sufficient range of Cho/ NAA values in a given tumor to warrant using them to target diagnostic biopsies. A significant finding of this study was that the ratio of Cho to NAA levels, and not the ratio of Cho to Cr levels, predicted growth properties in different regions of the same tumor. Reports differ as to which pair of MR spectroscopic resonances is the better indicator of proliferation and cell density in brain tumors, with substantial evidence being reported for both. 1, 3, 8, 16 Our results suggest that, within any given tumor, the NAA level may better reflect the cell density and proliferative status whereas the Cr level may be more indicative of the apoptotic fraction (CCI compared with DI, Table 1 ). Thus the predominant mechanism of growth-increased proliferation or decreased cell deathfor a specific tumor or tumor region may determine the MR spectroscopic pattern that is observed. Because the relationship between CCI and DI in this study was only a trend, however, more studies are necessary to validate this assertion.
Conclusions
The results of the intratumoral analysis provide biological evidence for considering the relative levels of Cho and NAA (Cho/NAA ratio) when deciding where to retrieve diagnostic biopsy specimens from tumors that have the classic imaging features of WHO Grade II or Grade III gliomas. Although the predictive capability of MR spectroscopy can vary in individual patients, we have provided initial evidence that the range of MR spectroscopic values observed within the tumor may be indicative of how well the relative Cho and NAA levels track with the local growth characteristics. These findings demonstrate the potential clinical utility of using multivoxel MR spectroscopy in the diagnostic assessment of patients with presumed Grades II or III gliomas. 
